Motivation: Sanger sequencing is still being employed for sequence variant detection by many laboratories, especially in a clinical setting. However, chromatogram interpretation often requires manual inspection and in some cases, considerable expertise. Results: We present GLASS, a web-based Sanger sequence trace viewer, editor, aligner and variant caller, built to assist with the assessment of variations in 'curated' or user-provided genes.
Introduction
Despite great advances in next-generation sequencing, Sanger sequencing still represents a widely used tool for variant detection and validation in both research and clinical applications. Moreover, for the majority of diagnostic laboratories, it remains the most applicable approach considering the cost and the number of samples analyzed.
The analysis of Sanger sequence trace data is also still a laborious task and, most importantly, it can be compromised by a lack of expertise and experience. Several software tools exist to ease this analysis (Supplementary Table S1 ), and they can be helpful, but also detrimental. Naïve trace viewers for manual inspection can be cumbersome and ultimately error-prone, while commercial solutions can be prohibitively expensive and their advanced features may prove too complex and even discouraging. Often, different users use different solutions, which lead to further complications with regard to the consistency of the reported results.
The need to harmonize and improve TP53 gene mutational analysis in European hematological centers has led to the establishment of the TP53 Network within the European Research Initiative on Chronic Lymphocytic Leukemia (CLL)/ERIC. One of the priorities 
Methods
Implementation: GLASS is written in R and uses Shiny (Chang et al., 2016, R package) for its interface. A custom D3-based (Bostock et al., 2011) JavaScript library was developed for rendering chromatograms.
Reference genes: To achieve standardization and consistency, we primarily make available a 'curated' list of genes with reference sequences expertly verified to work with GLASS. Genes can be added to this list on request and after verification. GLASS can also be used with a user-provided GenBank reference, or as a trace viewer without one.
Input files: GLASS works on processed ABI files through the 'samples' panel ( Supplementary Fig. S1 ). It can automatically detect the reference gene and the orientation of the sequence, however, users can override these.
Variant calling: Germline variants appear as a single peak (homozygous) or as two peaks of lower but similar height (heterozygous) and are easily identifiable. For the more challenging somatic variants, GLASS estimates local background noise and calculates the signal to noise ratio for the second highest peak. If this ratio and the secondary peak (second highest peak) are above user-settable thresholds, the variant is reported.
Homozygous indels are recognized as alignment gaps either in the base calls (deletion) or the reference sequence (insertion). Heterozygous and somatic indels manifest as series of minor (secondary) peaks after the indel site on the forward strand and before the site on the reverse strand. GLASS can automatically detect such secondary sequences, realign them and identify a candidate indel, in which case it alerts the user to consider the suggested alignment correction ( Supplementary Fig. S2 ).
GLASS can also identify alternative splicing, e.g. the TP53 betavariant (Flaman et al., 1996) (Supplementary Fig. S3 ), and aberrant transcripts. This is relevant for cDNA data analysis and especially important for the functional analysis of separated alleles in yeast (FASAY; Flaman et al., 1995) , where whole introns and exons may 'drop in' or 'fall out'.
A diagram of the basic work flow and data structures used in GLASS is available in the Supplementary Material ( Supplementary Fig. S4 ).
Results
GLASS is thus a web-based Sanger sequence trace viewer, editor, aligner and variant caller. We present core interface components that access these functionalities and introduce our validation/evaluation results.
Controls: These include changing base calls and setting parameters, e.g. the sensitivity at which somatic mutations are detected. The 'general infobox' shows details on selected chromatogram positions. Information on heterozygous indels is displayed in the 'hetero indels infobox'.
Minimap: The 'minimap' presents an overview of aligned exons and introns of the reference gene, which can also be highlighted in the case of splice variants ( Supplementary Fig. S3 ). Candidate sequence variants appear with an intuitive structure and color code representing the reference base and the primary and secondary peaks (Fig. 1) . Fig. 1 . The 'variants' panel, with labels tagged with a hash (#), dashed arrows, zoomed-in inset manually added for presentation. The 'minimap' shows the alignment to the reference gene (in this case a TP53 gene region spanning introns 7-9) and the detected variant. The 'navigation tool' (blue rectangle, also as zoomedin inset) selects the region to display in the 'chromatogram'. In the 'chromatogram', the detected variant is highlighted with a pink vertical bar and the exportable information is printed in the 'variants table' below. Gray/red dashed arrows added to show the link between primary/secondary peaks, primary/secondary sequences and the minimap variant representation (Color version of this figure is available at Bioinformatics online.)
Chromatogram: The 'chromatogram' plots the sequence traces, with peak widths normalized for better forward and reverse strand alignment. Each peak is annotated with the reference sequence, the primary and secondary sequences, cDNA and genomic coordinates, call qualities and amino acid translations in the case of exons.
Variants table: All candidate variants appear in detail in the 'variants table', with emphasis on proper nomenclature and presentation according to HGVS. Upon inspection, the user can 'lock' the variant, which will then appear in the 'samples' panel and become available for export.
Validation and evaluation: GLASS is continuously validated against a growing set of manually analyzed samples with confirmed mutations. Many samples come from the official certification activities of ERIC (Supplementary Table S2) , with others originating from collaborating laboratories. As showcased in the Supplementary Material, GLASS could identify correctly and name properly all the mutations in the TP53 Analysis Certification set. It is important to note that user interaction is necessary in some cases, since GLASS is built to assist and not fully automate this process.
Conclusions
GLASS is a bioinformatic implementation of best practices of labs with published know-how in the analysis of TP53 and other clinically relevant genes. It was specifically developed in the context of and for the educational and certification activities of the ERIC TP53 Network, but it can already be used with other 'curated' and userprovided reference genes of diagnostic or research interest. We therefore hope and believe that GLASS will be useful to researchers and clinical practitioners as an intuitive tool for standardized Sanger trace data analysis.
Future plans include the ability to resume and share analyses; the concatenation of multiple files/amplicons from the same patient to cover the complete reference sequence; the ability to load annotations, e.g. known mutations or hotspots, for visualizations and variant calling.
